Azotobacter vinelandii (ATCC 12837) became competent to be transformed by exogenous deoxyribonucleic acid towards the end of exponential growth. Competence in wild-type and nitrogenase auxotrophic (nif-) strains was repressed by the addition of ammonium salts or urea to the transformation medium. Transformation of wild-type cells and nif-strains was optimal on nitrogen-free or nitrogen-limiting medium, respectively. Transformation of wild-type cells also was enhanced when the transformation medium had low molybdate content. During the development of competence, nitrogen was growth limiting, whereas carbon (glucose) was in excess. Carbon source shift-down was not effective in inducing competence. Shifting glucose-grown wild-type cells to medium containing 0.2% (3-hydroxybutyrate initiated encystment and also induced competence. The addition of glucose to this medium blocked encystment and early competence induction and reduced the transformation frequency to the basal level. Cyclic adenosine 3',5'-monophosphate induced competence in wild-type nitrogenfixing cells and increased the transformation frequency 1,000-fold over the basal level. Exogenous cyclic adenosine 3,'5'-monophosphate however, did not reverse nitrogen repression of competence in ammonia-grown wild-type or nif strains.
cally and immunologically, but not genetically (30) , because genetic exchange in this organism has hitherto been impossible.
Recently, a plate method for transformation of A. vinelandii was described in which noncompetent cells attained competence in the presence of transforming deoxyribonucleic acid (DNA) (21) . Successful transformation required the use of crude, presumably high-molecularweight DNA mixed with recipient cells on Burk nitrogen-free glucose medium. Transformation was optimal on medium containing either elevated phosphate or decreased calcium concentrations. These conditions repress the production of capsule and viscous soluble polymer which are inhibitory to transformation. Those conditions enhancing the transformation frequency were not effective in inducing competence, an event occurring at the end of exponential growth as in Bacillus subtilis (2) . The selec-I Journal article no. 7431 from the Michigan Agricultural Experiment Station. tion of competent Azotobacter cells from the growth medium, however, was not a reliable procedure.
Cyclic adenosine 3',5'-monophosphate (cAMP) induces competence in Haemophilis influenzae (36) and a similar induction of competence occurs in A. vinelandii cells treated with cAMP (28) . The nucleotide may affect competence at the transcriptional level (26, 36) , suggesting a catabolite repression control of competence. These studies describe the environmental factors leading to competence in Azotobacter, the induction of competence in nif strains, and the role of cAMP and nitrogen catabolite repression in the development of competence.
MATERIALS AND METHODS
Organisms and culture conditions. A. vinelandii (ATCC 12837) was used throughout these studies. The rifampin-resistant (Rif'113) strain was derived from the wild-type strain by N-methyl-N'-nitro-Nnitrosoguanidine mutagenesis (1) . Nitrogen fixation-deficient (nif-5, nif-64, nif-100, and nif-101) strains were derived similarly from strain Rife113.
Strain UW1 (nif) of A. vinelandii OP was obtained from W. Brill, University of Wisconsin (30) . Prototrophic cells were grown on Burk nitrogen-free medium containing 1% glucose (Burk medium) (21) . Burk buffer designates Burk medium without glucose. nif strains were grown on Burk medium sup-plemented with ammonium acetate (400 ,ug of N/ ml). All cultures were incubated at 30 C.
DNA preparation and transformation assay. Crude lysate DNA was used for transformation and yielded optimal transformation frequencies (21) . Donor DNA from Rif'113 (nifriflcap+) cells was used in all transformations described. A plate method of transformation was used as described previously (21) . The transformation medium (T medium) was composed of 0.81 mM MgSO4, 0.058 mM CaSO4, 18 ,uM FeSO4, and 1.0 ,uM NaMoO4 in 5 mM potassium phosphate buffer, pH 7.1, and contained 1% glucose. Recipient cells were grown in liquid Burk medium and were sampled for transforming ability throughout their growth. The sampled cells (50 ILI) were mixed with DNA (1 to 1.5 Ag) on T medium and incubated for 30 min, and then 50 ,ul of deoxyribonuclease (DNase; 400 Ag/ml in sterile Burk buffer) was added. The first appearance of transformants during plate transformation was determined similarly by addition of DNase to the cell plus DNA mixture on T medium at hourly intervals after initial mixing. The plates were incubated for 24 h then sampled for transformants. Prototrophic (nif+) and rifr transformants were selected on Burk medium alone or medium containing 10 ,ug of rifampin/ ml, respectively.
Crystalline cAMP was added directly to early exponential, noncompetent cells to induce competence (36) . The cAMP was found to be sterile after plating the crystals on Burk medium, Burk medium containing ammonium acetate (400 ,ug of N/ml), and nutrient agar. Before transformation on Burk buffer containing 0.2% ,-hydroxybutyrate (BHB), cells pregrown in Burk medium were washed three times with Burk buffer to remove contaminating exogenous glucose (13) . Early encystment events induced by BHB were cessation of nitrogen fixation and cell division which resulted in insufficient growth on the T medium for subsequent plating on selective media. To counteract this effect, the recipient cell plus DNA mixture was treated at hourly intervals with DNase in sterile Burk buffer containing 10% glucose. The added glucose repressed encystment and allowed cell division to proceed (13) . Transformation frequency was calculated as the number of transformants per total number of cells plated on selective medium. Each transformation frequency was calculated as an average of three independent transformations.
Growth medium and cell analysis. Growth medium was sampled at hourly intervals during the growth of wild-type cells in Burk medium or nif-5 cells in Burk medium containing 20 pAg of ammonium acetate N/ml. Each sample was sedimented at 10,500 x g for 30 min, 20 C, to separate cells from the growth medium. The glucose content of the supernatant was measured by the Glucostat glucose oxidase colorimetric assay (Worthington Biochemical Corp., Freehold, N. J.). Ammonia content of the supernatant and nitrogen content of the whole cells were determined after digestion by the Kjeldahl procedure, by the Nessler assay (10) . Cells for uronic acid determinations were washed with Burk buffer. Capsular polyuronide remaining with the cells (20) was determined by the carbazole assay (3).
RESULTS
Induction of competence with cAMP. As shown in Fig. 1A and B, A. vinelandii cells became competent towards the end of exponential phase. Before this time transformants were not detected. The peak of competence declined sharply as the cells entered the second, nonexponential phase of growth, which was characterized by loss of motility, encapsulation, and accumulation of poly-,3-hydroxybutyrate (21) .
The addition of 1.0 mM cAMP to noncompetent, early exponential cells (Fig. 1A) (Fig. 1B) . The transformation frequency was at least 1,000-fold greater than the normal control level before the addition of cAMP. The induced period of competence decayed rapidly and was followed by a brief second peak of competence as these cells approached the end of their exponential phase. Early induction of competence by cAMP did not appear to be the result of the slower growth rate, as other growth conditions (absence of iron or molybdate, decreased phosphate buffer concentration or glucose shift-down) which resulted in slower growth rates were not effective inducers of competence.
Nitrogen-repression of wild-type transformation. A possible explanation for the effect of cAMP ( Fig. 1) was that competence was controlled by catabolite repression and that endogenous levels of cAMP increased in late exponential cells. Because cAMP has been reported most often associated with the release of carbon catobolite repression (26) , the effect of carbon shift-down on Azotobacter transformation was investigated. Transformation of cells pregrown in 1% glucose (10 mg/ml) Burk medium was optimal on T medium containing 5 to 10 mg of glucose per ml (Fig. 2) . Carbon shift-down from 10 mg of glucose per ml of medium to T media containing less than 5 (Fig. 1) , then the inhibitory effects of excess nitrogen in the T medium (Fig. 2) should be reversed with cAMP. When wild-type cells were transformed in the presence of 20 to 400 ,ug of ammonia N/ml, however, no reversal of the ammonia effect was obtained when 1.0 mM cAMP was added. Cultures containing ammonia and cAMP also grew more slowly than cells in ammonia alone. (Fig. 3A) at a cell density of 0.410 at 620 nm. At this time (8 h), less than 10% of the available glucose had been consumed and glucose was not growth limiting (Fig. 3B) . Marked glucose consumption began at the end of exponential growth and the sugar in the medium was not exhausted until after 3 days of incubation. The consumption of glucose by the culture was paralleled by increased production of capsular polyuronide (Fig. 3B) and poly-BHB (not shown). Exponential phase cells had an increasing ratio of micromoles of cell nitrogen to micromoles of glucose consumed (NIG ratio), which reached a maximum just before the development of competence. When cells were competent the N/G ratio was decreasing, but during this decline the cell nitrogen content remained constant at 52 ,Ag/mg of cell (dry weight).
Nitrogen-repression of nif-transformation. When nif strains were grown in excess nitrogen (400 ,ug of N as ammonium acetate/ml) and then shifted to plates of T medium containing 5 to 200 ,ug of N/ml, the transformation frequencies decreased as the available nitrogen was increased (Fig. 4) . Although growth of nif strains was optimal with 200 to 400 Ag of N/ml, transformation frequencies were very low at these concentrations of ammonium ion. On medium containing 400 ,ug of N/ml transformation frequencies were not greater than 10-8. Nitrogen repression of transformation was observed in all nif-strains tested, although some strains exhibited more sensitivity to repression than others. The nift strains attained higher optimal transformation frequencies than the wildtype nitrogen-fixing cells (Fig. 2, 4) . This was undoubtedly because the amount of nitrogen available to the nift strains was readily limited by shift-down, but the amount of nitrogen available to the nitrogen-fixing cells was not directly controlled. In T medium containing 400 ,ug of N/ml, however, the repression of wildtype and nif cell transformation was the same. Despite repeated attempts, cAMP was not effective in inducing competence in any of the nif-strains. The addition of 1 mM cAMP resulted in poor growth and inhibition of nif strain transformation. Induction ofAzotobacter competence with cAMP, therefore, appeared to require a functional nitrogenase.
There was the possibility that the observed repression was not due to the increased ammonium concentration but to the increased acetate concentration. When sodium acetate was substituted for the ammonium acetate (equal concentrations of acetate) in the transformation supplemented with ammonium acetate. Strain nif-64 also was transformed on T medium containing urea (0). Transformation was performed as in Fig. 2 , except that selection of transformants was made on Burk medium. The background reversion frequency was constant at <10-8 on all nitrogen concentrations for all the nif strains. medium (containing 5 ,ug of N as ammonium chloride/ml), no decrease or enhancement of transformation was observed. Substitution of urea at equivalent nitrogen concentrations for ammonium acetate resulted in equal repression of strain nif-64 transformation (Fig. 4) . The same results were obtained using the other nit strains and wild-type recipient cells.
Further examination of nif cells grown in 20 ,ug of N/ml showed that they were most competent at 7 h, before the end of exponential phase (Fig. 5A) . At this time, approximately 10% of the glucose and 60% of the nitrogen from the growth medium had been consumed (Fig. 5B) (Fig. 3B and 5B). Prior to the nif-strain becoming competent, the N/G ratio had peaked and was decreasing when the cells were competent. As in the wild-type culture, uronic acid production paralleled glucose consumption. In both cultures, the concentration of capsular polyuronide was approximately 0. 16 Transformation of strain UW1 (nif) also was optimal on nitrogen-limiting medium (5 ,ug of N/ml) and decreased as the nitrogen content was increased (Table 1 ). The increased transformation frequency of strain UW1 compared to the ATCC 12837 nif strains has been attributed to absence of capsule production in the former strain (21) . Single markers (nif+ and rifr) were transformed at different frequencies but were similar in their response to nitrogen repression. Double marker (cap+ nif+ and nif+ rif+) transfers occurred at lower frequencies than single marker transfer and were more sensitive to nitrogen repression.
Other conditions producing nitrogen starvation. Modifications were made to the T medium in an attempt to increase the frequency of transformation of wild-type cells. Molybdate has been shown to be essential for nitrogenase activity (17) . By limiting the molybdate available to the cells, we hoped to accentuate the juncture between the nitrogen-sufficient and nitrogen-deficient growth states. Transformation was optimal on nitrogen-free medium containing 1 ,uM molybdate (Fig. 6 ). Shifting cells from pregrowth medium containing 400 jg of N/ml without molybdate to T medium without ammonium and containing variable molybdate concentrations enhanced transformation frequencies slightly, but the optimum molybdate concentration for transformation remained the same (Fig. 6) . Cells from two successive 24-h transfers in molybdate-free Burk medium could be transformed on media containing 5 to 10 jiM molybdate only. These results suggested that prior starvation of recipient cells for nitrogen was not effective in generating competent cultures.
Growth of wild-type cells in glucose-free Burk buffer containing 0.2% BHB has been reported previously to induce encystment and to rapidly turn off nitrogen fixation (9) . When wild-type cells were mixed with DNA on glucose-free T medium containing 0.2% BHB, the frequency of rif transformants was 1.2 x 10-i.
The control value was 1.4 x 10-6 on T medium a Transformation of strain UW1 (nitriftcapi) was conducted on T medium supplemented with 5 to 400 jAg of N/ml as in Fig. 4 . Donor DNA was prepared from strain Rif'113 (nirrifcap+).
" Optimal transformation frequency on T medium containing 5 ,ug of N/ml. containing 1% glucose only. Addition of 1% glucose to the 0.2% BHB T medium reduced the frequency to 2.0 x 10-6. On the 0.2% BHB medium, transformants were first detected 2 to 3 h after plating, whereas transformants were first detected at 8 h on medium containing glucose or glucose plus BHB. DISCUSSION A. vinelandii wild-type and nif-cultures became competent for transformation at the end of their exponential growth. At this time, extracellular glucose was in excess and the nitrogen source, either N2 or ammonium salts, was limiting. Just before the development of competence, the assimilation of nitrogen relative to carbon had reached a maximum and during the competent period, carbon assimilation was in excess of nitrogen assimilation. Azotobacter polyuronide capsule has been shown to be inhibitory to transformation, but the capsule of competent cells was apparently small enough to allow transformation (21) . As postexponential carbon consumption increased, the polyuronide capsule rapidly became larger, possibly contributing to the decline in Azotobacter competence. Nutritional shift-down of Azotobacter nif-strains from Burk medium containing 400 ,ug of N/ml to medium containing 5 to 20 ug of N/ml was effective in producing high levels of transformation. Competence has been induced in other bacterial systems by a nutritional shiftdown (8, 33, 36) . In the B. subtilis system, glucose was required and complex nitrogenous media also repressed competence (38) .
Shifting wild-type cells from nitrogen-free medium to ammonium salts medium repressed transformation. Changing from N2 to ammonia assimilation has been reported to induce changes in Azotobacter cell membrane composition and structure (15, 18) . These alterations, presumably, could affect the penetration of transforming DNA into the recipient cell. This relationship could lead to the prediction that nitrogen fixation ability was essential for competence. The excellent transforming ability of the nif strains, however, showed that this was not the case. Ammonia repression of nif strain competence also eliminates membrane modification, of the type described, as the primary site of repression.
Competence and in-creased levels of transformation were obtained when 0.2% BHB was added to glucose-free transformation medium. BHB has been reported to induce encystment and rapidly turn off nitrogen fixation in Azotobacter (9, 13) . The effects of BHB are repressed by glucose (13) and glucose addition to the BHB transformation medium similarly decreased the transformation frequency to the basal level of nitrogen-fixing cells. Molybdate also has been shown to be essential for nitrogen fixation in Azotobacter and is most often used at 10 uM or greater concentrations in Burk medium (5, 11, 17) . This level of molybdate was inhibitory to transformation, whereas 1 uM molybdate was optimal. Although this level of molybdate is not considered growth inhibitory (11) , it may be suboptimal for nitrogen fixation. Prior starvation of recipient cells for nitrogen, however, was not an effective method to induce competence. Similarly, starvation of Anacystis nidulans for essential nitrate was not effective in inducing competence (19) . The present data indicate that for transformation to occur, Azotobacter cells must become limited for nitrogen in the presence of transforming DNA.
Azotobacter transformation competence also was induced with cAMP, similar to that reported for H. influenzae (36) . Competence was induced 1 h after addition of cAMP to Haemophilus cells, suggesting that massive cell changes were necessary for competence induction (36) . In Azotobacter, cAMP caused immediate induction of competence, possibly acting directly as the inducer. Dibutyryl cAMP has been reported to inhibit nitrogen fixation by Rhizobium in legume nodules (16) . A similar effect in Azotobacter would cause nitrogen limitation and the induction of competence in wild-type N2-grown cells. The induction of competence in nifr strains and ammonia-grown wild-type cultures was not obtained with cAMP and would not be expected, as nitrogenase was already nonfunctional in these cultures and ammonia nitrogen was readily available (29) . The decreased growth of strains grown in ammonia plus cAMP may be explained by this nucleotide's ability to act as a negative effector of some of the enzymes of ammonia assimilation (25) . Although cAMP will release nitrogen catabolite repression of histidase and proline oxidase in Klebsiella aerogenes (23, 24) , cAMP is not considered the true mediator of nitrogen catabolite derepression (24) . cAMP was not effective in releasing ammonia repression ofAzotobacter competence. This nucleotide also was ineffective in releasing nitrogen repression of Klebsiella pneumoniae nitrogenase (31) . The true mediator of nitrogen catabolite derepression is thought to be glutamine synthetase (23) . Ammonia modulates the activity of this enzyme, by causing adenylation of subunit tyrosine residues (27) . Readily available nitrogen or high concentrations of ammonia repress glutamine synthetase and promote its adenylation (35, 37) . Growth under nitrogen-limiting conditions causes derepression of glutamine synthetase, which appears in the nonadenylated form. The unmodified enzyme stimulates in vitro histidase transcription in Klebsiella (as does cAMP) but does not affect carbon catabolite repressible enzymes (35) . The possible role of glutamine synthetase as a regulator of nitrogen-repressed enzyme systems has been reviewed recently (14) . Glutamine synthetase also has been implicated in the control ofKlebsiella nitrogenase (32) and it may function similarly in Azotobacter (7). This control is very sensitive to ammonia since 5 ,ug of N/ml will effectively repress Azotobacter nitrogenase (6) . Cells that are limited in available nitrogen after exhaustion of ammonia derived from either exogenous salts or N2, therefore, could contain elevated levels of nonadenylated glutamine synthetase. This in turn could promote the transcription of nitrogen repressible proteins, among which may be factors necessary for the development ofAzotobacter competence. These factors may resemble the competence proteins of Diplococcus or Streptococcus (22, 34) , the specific DNA translocase DNase of Diplococcus (12) , or the single-stranded DNA binding protein ofBacillus (4) . Further studies may elucidate the nature of these factors. The use of nitrogen shift-down to induce high levels of transformation in Azotobacter nif strains should allow biochemical characterization of the competent period. This procedure also should make complementation studies ofAzotobacter nif strains possible.
